ABSTRACT: A hybrid supercapacitor that employs nanomaterial has been extensively studied recently. However, inexorable collapse and agglomeration of metal oxide and short cycle stability of graphene sheets greatly hinder their practical applications. Herein, we demonstrate a competent synergic effect between nickel cobaltite (NCO) and reduced graphene oxide (rGO) for synthesizing the three-dimensional hierarchical rGO/NCO nanostructures via a facile one-pot hydrothermal method, followed by subsequent annealing in air. The structural and morphological characteristics of assynthesized rGO/NCO have been characterized in-depth by FESEM, XRD, XPS, BET, and Raman spectroscopy. When incorporated in a two-electrode system with 2.0 M KOH electrolyte, the three-dimensional rGO/NCO nanostructures exhibit excellent supercapacitive performance. This is due to the unique properties of rGO that provide a flexible and expandable platform for growing NCO nanocrystals, which result in a nanoscopic rose petals morphology. These nanostructures provide a large surface area which facilitates the ion diffusion and eventually enhances the specific capacitance. Furthermore, performance studies between the as-synthesized electrode materials with a commercialized supercapacitor proved that the as-synthesized rGO/NCO electrode possesses a proficient potential to be a supercapacitor material, which provides high energy density as well as power density. A two-electrode system is advantageous over a conventional three-electrode system because it mimics the cell configuration of commercial supercapacitors.
■ INTRODUCTION
In conjunction with the fast-growing market for developing hybrid electric vehicles and portable electronic devices, a highpower energy storage plays an important role in fulfilling the urgent demand for a sustainable energy system. An efficient energy storage device should possess high energy density that can be discharged instantly upon demand. Although rechargeable lithium-ion batteries can provide extremely high energy density, they typically required minutes to hours to discharge, not seconds. Besides that, these rechargeable batteries tend to require frequent replacement due to their electrochemical behavior and create environmental issues in addition to increasing lifecycle cost. 1−4 In order to enhance the charge/ discharge rate of the energy storage devices, a supercapacitor was introduced to store the energy by means of a static charge as opposed to an electrochemical reaction which occurs in the batteries system. In other words, a supercapacitor that is able to store as much energy as a battery in minutes would be considered a groundbreaking achievement in today's energy storage technologies.
A supercapacitor (also known as a ultracapacitor or electrochemical capacitor) 5, 6 is extensively used as backup energy storage which overcomes the deficiencies of other power sources, such as fuel cells and batteries, due to its pulse power supply, excellent cycle stability, and ability to charge and discharge rapidly at high power density. 5−7 Generally, on the basis of charge storage mechanism, a supercapacitor can mainly be classified into an electrical double layer capacitor (EDLC), which stores energy based on the accumulation of electrostatic charge at the electrode/electrolyte interface, and pseudocapacitors, in which the energy stored based on the rapid surface redox reaction contributes by the electroactive species. 8, 9 In this regard, both of the mechanisms can operate simultaneously in a hybrid system depending on the nature of electrode materials which are highly accessible to the electrolyte ions such as carbon nanotubes (CNTs), graphene and graphene derivatives, conductive polymers, and transitionmetal oxides. 10−12 On the basis of the relationship between the diffusion rate of electrolyte ions and their diffusion length, 2 the reduced characteristic dimensions of the electrode material (from microstructure to nanostructure particles) act as a key component in providing a superior supercapacitor performance. 13 In this case, nanostructure materials such as nanotubes, nanowires, nanosheets, and nanospheres have sparked huge interest in research activities to enhance supercapacitance effects. This is due to their small, porous structure which can provide a short ion transport pathway and high exposure to abundant active sites. Thus far, various kinds of transition-metal oxides have drawn extensive research attention in recent years as electrode materials. Among them, spinel nickel cobaltite (NCO), is an economic, environmentally friendly and easily synthesized transition-metal oxide, which has been employed in various kinds of pseudo-capacitive materials.
14 The unique core/ shell NiCo 2 O 4 @NiCo 2 O 4 structure has been reported as a lowcost and facile electrode material which provides excellent electrochemical performance in both supercapacitors and lithium-ion batteries. 15 Transition-metal oxide tends to give poor cycling performance due to the strain caused during charge/discharge cycles. Hence, to overcome this issue, nanostructured NCO with diverse morphologies can provide a better accommodation of the strain during ion transfer as compared to other microstructure materials. Although nanostructured NCO is feasible for superior supercapacitive properties, the nature of nanostructure materials which will self-assemble into large bulk owing to the high interface energy is restricting their practical applications. 14 Generally, through combination of highly conductive backing with nanostructure materials, it can prevent the self-assemble issue and, at the same time, enhance their electrical conductivities and ion mobility. 9, 16 A two-dimensional network material called graphene has become an attractive substrate for supercapacitor materials in the past decades due to its excellent mechanical properties and high conductivity, and most importantly, it can provide a large surface area and is easily obtained through simple chemical processing of graphite. 17, 18 With the help of this virtue, various kinds of graphene−metal oxide nanocomposites have been widely reported for electrochemical storage. 19−23 The results show that, through the incorporation of graphene sheets into the transition-metal oxide system, it can provide an intimate integration between the nanostructure materials and the substrate, which can eventually prevent agglomeration and self-assemble. 24, 25 Besides that, graphene sheets also offer a proficient electron transport pathway which facilitates the ion mobility and diffusion rate. 26, 27 Graphene is also a very popular and ideal EDLC material which has been utilized in various kinds of supercapacitor applications. 28−30 Recently, a graphene derivative such as graphene oxide (GO) and reduced graphene oxide (rGO) has been extensively used in supercapacitor electrode material due to the presence of oxide functional groups. These oxide functional groups not only provide a high degree of monolayer architecture but also provide a better interaction with the metal oxide through the formation of M−O bonds (M = metal). 31, 32 By taking the advantages of each merit, a high-performance symmetrical supercapacitor by integrating the synergic effect between NCO and reduced graphene oxide (rGO) is demonstrated. rGO sheets are employed in designing the supercapacitor as an excellent backing material to anchor the NCO on the substrate and also prevent self-agglomeration. On top of that, the unique morphology of the as-synthesized product possesses numerous open spaces and surface area, providing a high specific reactive area and superior rate performance. The synthesized graphene decorated nickel cobaltite (rGO/NCO) nanostructures provide better anchoring properties toward the substrate and faster ionic transport compared to the pure NCO. O) were purchased from Merk, Germany, and potassium hydroxide (KOH) was obtained from Fluka. The carbon cloth ELAT was purchased from NuVant, USA, and 55 mm qualitative filter paper was purchased from Advantec, Toyo Roshi Kaisha, Ltd., Japan. Double distilled water was used throughout the experiment.
Synthesis of Reduced Graphene Oxide/Nickel Cobaltite Nanostructures on Carbon Cloth. All chemicals were of analytical grade and used directly after purchase without any further purification. Before the deposition process, commercial carbon cloths with dimensions of 2 × 4 cm were cleaned by ultrasonication sequentially in 1.0 M HCl solution, acetone, distilled water, and ethyl alcohol for 15 min each. The washed carbon cloth was dried at room temperature and ready to use. Graphene decorated nickel cobaltite nanostructures arrays (rGO/NCO) on carbon cloth were synthesized through a facile one-pot hydrothermal method. 4 M Ni(NO 3 ) 2 ·6H 2 O and 8 M Co(NO 3 ) 2 ·6H 2 O were dissolved in distilled water, followed by the addition of 15 M urea at room temperature under continuous stirring to form a clear pink solution. 0.03 mg mL −1 of GO that was synthesized via a modified Hummer's method 33 was added into the mixture solution to form a total of 100 mL of a dark pink solution, followed by 30 min of ultrasonication. Then, the mixture was transferred into a 50 mL Teflon-lined stainless steel autoclave. The well-cleaned carbon cloth was immersed in the mixture, and the autoclave was kept at 120°C for 6 h. After that, the autoclave was allowed to cool, and the product supported carbon cloth was washed with ethyl alcohol and ultrasonicated for 5 min to remove the loosely attached product on the surface. Lastly, the sample was dried and annealed at 400°C for 2 h. The prepared samples were labeled as rGO/NCO. For comparison, pure NCO was
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Characterization of Reduced Graphene Oxide/Nickel Cobaltite Nanostructures. Morphological and Structural Characterizations. The crystalline structure of the products was identified by an X-ray diffraction (XRD) analysis using a D8 Advance (Bruker, Karlsruhe, Germany) automated X-ray diffractometer system with Cu−Kα radiation at 40 kV and 40 mA ranging from 10°to 80°at room temperature. The surface morphologies were analyzed using a field emission scanning electron microscope (FEI Quanta SEM Model 400F) equipped with an energy-dispersive X-ray (EDX) accessory. Raman spectra were carried out using a WITec Raman spectrophotometer (Alpha 300R). X-ray photoelectron spectroscopy (XPS) measurements were carried out on a scanning X-ray microprobe PHI Quantera II (Ulvac-PHI, INC.) using a monochromatic Al−Kα (hv = 1486.6 eV) X-ray source that operated at 25.6 W (beam diameter of 100 μm). Wide scan analysis was performed using a pass energy of 280 eV with 1 eV per step for determination of elemental chemical states, while narrow scan analysis was performed throughout the binding energy range of interest at a pass energy of 112 eV with 0.1 eV per step.
Electrode Preparation and Electrochemical Measurements. The product deposited carbon cloth was measured and cut into few square pieces with surface area of 1 cm 2 . Then, the square pieces was immersed into the 2 M KOH electrolyte solution for several minutes together with the dielectric material. The dielectric material used is standard graded filter paper. Both square pieces of product deposited carbon cloths were used for electrochemical measurement studies.
Electrochemical measurements were carried out by a Princeton potentiostat/galvanostat controlled by Versa Studio software. A two-electrode cell system was used to measure the electrochemical performance of the as-assembled symmetrical supercapacitor in 2 M KOH electrolyte with a filter paper as dielectric material. Both rGO/NCO nanostructures deposited carbon cloths (1 cm 2 each) were used as the positive and negative terminals, and a dielectric material is then sandwiching between the two electrodes in a Swage lock cell configuration.
The electrochemical impedance spectrum (EIS) analyses were carried out in the frequency range from 0.01 Hz to 30 kHz at open circuit potential with an ac perturbation of 10 mV. The specific capacitance value (C sp ) was calculated from the galvanostatic discharge curve, using following equation
where I is the constant discharge current (A), Δt indicates the discharging time for a half-discharge (s), m represents the mass of corresponding active material (g), and ΔV represents the potential range of a half-discharge (V). The energy density (E) of the symmetrical supercapacitor was calculated by the specific capacitance (C sp ) and cell voltage (V) according to the following equation:
The power density (P) of the symmetrical supercapacitor was calculated by the E and the discharging time (t) according to the following equation:
A comparison between the as-synthesized electrode materials with a bare NCO electrode as well as commercial KEMEX, 0.1 F supercapacitor was carried out using the same electrochemical measurement.
■ RESULTS AND DISCUSSION
Structural Properties and Morphologies of Reduced Graphene Oxide/Nickel Cobaltite Nanostructures. A plausible synthesis mechanism of the three-dimensional rGO/ NCO nanostructures is shown in Scheme 1. First, the modified Hummer's GO was dispersed in the stock solution of Ni and Co precursor (Scheme 1a). The hydrophilic oxygen functional groups such as hydroxyl, carbonyl, carboxyl, and epoxy groups on the surface of GO provide excellent anchoring sites for positively charged Co 2+ and Ni 2+ ions through electrostatic forces, forming the Ni-Co complex (Scheme 1b). 11, 34 Under the hydrothermal conditions at 120°C, NCO nanocrystals were formed on the surface of the GO cluster through nucleation, an aggregative growth process, and a oriented attachment mechanism, simultaneously reducing GO to rGO. During these processes, the flexible properties of GO provide an expandable platform for the NCO crystal growth, which eventually turns into a nanoscopic rose petal morphology. The thermal treatment at 400°C in air further removes the impurities on the nanocomposite (Scheme 1c).The synergic effect between the supporting rGO nanosheets and NCO nanocrystal provides apparent advantages for electrochemical The morphology of the as-synthesized hierarchical rGO/ NCO nanostructures observed using an FESEM at a low magification reveals a uniform distribution of nanocomposites on the carbon cloth (Figure 1a ). There is no aggregation or agglomeration of nanostructures on the carbon cloth substrate, which indicates that the presence of rGO provides a platform for crystallization of NCO and an efficient contact between the NCO nanocrystal and the carbon cloth substrate. In contrast, the neat NCO nanoneedles deposited on a carbon cloth have micron-sized irregular speckles on them ( Figure S1 ). Figure 1b shows a high magnification of the nanosized three-dimensional configuration that is constructed by randomly oriented rosepetal-like units. More importantly, the rose-petal-like morphology resulted in a high Brunauer−Emmett−Teller (BET) specific surface area of 105.1 m 2 g −1 , which is 2 times higher than that of the neat NCO owing to that the as-synthesized rGO/NCO nanostructures possess abundant open space and sufficient electrode/electrolyte interface for electrochemical reaction ( Figure S2) . Moreover, the corresponding pore size distribution data in Figure 1c show that the average diameter of the mesopores is 4.84 nm for rGO/NCO nanostructures and 9.27 nm for neat NCO nanoneedles. The inset of Figure 1c clearly depicts that the sizes of the mesopores in the neat NCO nanoneedles are apparently larger than those of the rGO/NCO nanostructures. The generation of these mesopores in both rGO/NCO nanostructures and pure NCO nanoneedles can be ascribed to the release of CO 2 and H 2 O using the thermal decomposition of the Ni-Co complex.
The crystallographic structure of rGO/NCO is further inspected through X-ray diffraction (XRD). By comparing the The Journal of Physical Chemistry C Article XRD pattern of both product before and after calcination, it can be confirmed that the Ni-Co complex synthesized from the hydrothermal method is converted into spinel nickel cobaltite through thermal decomposition at 400°C ( Figure S3 ). Although the intensity of the diffraction peak is fairly weak due to the ultrathin architecture, the (220), (331), (400), (511), and (440) peaks in the diffractogram (Figure 2a) can be satisfactorily assigned to the cubic nickel cobaltite (NiCo 2 O 4 ) phase. The exfoliated rGO in the synthesis routine causes no significant peak being observed from the XRD pattern; however, the existence of rGO is revealed in the Raman analysis. As seen in Figure 2b , the peaks at 462, 505, and 667 cm −1 correspond to E g , F 2g , and A 1g modes of NCO, respectively. In addition, two significant peaks at 1342.66 and 1576.68 cm −1 were observed, attributed to the D band and G band of the rGO nanosheets array. 35, 36 It can be clearly seen that the D and G bands in the synthesized electrode got shifted to lower wavenumber (1283.81 and 1489.44 cm −1 , respectively), revealing that there is an increase in the surface defect of the rGO that was induced during the synthesis process, which was attributed to the deposition of NCO nanocrystal on top of the rGO surface. The further confirmation of the existence of both Ni and Co elements within the as-prepared rGO/NCO nanostructures is shown in X-ray photoelectron (XPS) measurements, which provide a more comprehensive information regarding their oxidation states ( Figure S4 ). Narrow scan of the spectra (Figure 2c,d) It is noteworthy that the formation of hierarchical rGO/ NCO nanostructures is vital to the capacitive performance of the electrode material. Therefore, time-dependent experiments have been carried out to gain a better insight regarding the evolution process of Ni and Co precursors. As delineated in Figure 3a , the smooth carbon fibers surface is scattered by numerous clusters of nanostructures at the beginning of the hydrothermal reaction. In addition, the increased C intensity observed in the EDX spectrum (Figure 3b ) and the emergence of a thin layer at the edge of these nanocluster clearly demonstrate the GO nature of the cluster products. However, these nanoclusters are not thermodynamically stable over a period of time. When the reaction time is extended to 3 h, some thin and small nanosheets start to emerge around the surface of the nanocluster (Figure 3c ). With the progression of the hydrothermal reaction, the sheets continue to propagate and a significant increase in the Ni and Co peaks can be observed in the EDX spectrum (Figure 3d ), as the nanocrystals started to grow and expand on the flexible GO nanosheet. At the final stage of the reaction, the fully expanded nanoclusters evolve into a rose-petal-like nanoarchitecture (Figure 3e ) with NCO crystals deposited on top of the GO sheets. During the continuous hydrothermal process, the compositional change is validated by the EDX spectrum. The emergence of the rosepetal-like morphology corresponds with the evolving characteristic peaks of Ni and Co. As the reaction time progresses, these two peaks become dominant and eventually overtake the C peak (Figure 3f) . Moreover, the Ni/Co ratio in the assynthesized product is around 0.511, approaching the theoretical value of nickel cobaltite.
Electrochemical Capacitive Properties of Reduced Graphene Oxide/Nickel Cobaltite Nanostructure. Cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and . The CV curve observed in the rGO/NCO electrode is apparently more rectangular compared to that of the pure NCO ( Figure S5 ), which indicates that the capacitive characteristic of the assynthesized electrode materials is enhanced by the EDLC The Journal of Physical Chemistry C Article properties of the rGO nanosheets. Besides that, the integral area of CV curves of the rGO/NCO electrode is substantially greater than that of pure NCO because the pure NCO nanoparticles aggregate easily and provide poor capacitive performances in the two-electrode system. Figure 4b shows the GCD curves of the rGO/NCO electrode at a current density of 1, 2, 4, and 10 A g . The specific capacitance of the electrode material is indicated through the discharging period; the longer the discharging time, the better the specific capacitance. As calculated from eq 1, the specific capacitances corresponding to the current densities are 282.94, 262.80, 258.89, and 214.21 F g , respectively. This indicates that around 76% of capacitance was retained when the charge−discharge density increased from 1 to 10 A g −1
. Importantly, the long-term cycling performance is very stable after continuous cycling for 2000 charge− discharge cycles with a specific capacitance of 276.76 F g −1 (Figure 4c ). The increment of the capacitance in the beginning of the life cycle indicates the activation of the electrode, which allowed the ions to diffuse out slowly into the electrolyte. After the full activation of the electrode materials, the capacitance performance of the electrode decreases gradually as the cycle proceeds, which indicates that the degradation of the electrode materials occurs. 37 Overall, the capacitance retention is about 90.9% compared with the initial capacitance of the first cycle and the good cycle stability of the as-synthesized rGO/NCO nanostructures may be related to the feasible ionic transport at the electrode surface, which was further designated by the electrochemical impedance spectroscopy (EIS) measurement. The Nyquist plot of the rGO/NCO electrode in a frequency range of 0.1 Hz until 300 kHz in 2.0 M KOH electrolyte is shown in Figure 4d . A small semicircle region at the high frequency region indicates low charge transfer resistance at the electrode/electrolyte interface. In addition, the result also shows low diffusion resistance of the hierarchical product where the intercept of the arc on the x-axis is relatively close to zero. The steeper shape of the low frequency region represents an ideal capacitive behavior, indicating that the fast ion transport in the electrode is due to its large reactive surface area and intimate integration of electrode materials with the substrate. 38 Performance Studies of the As-Synthesized Reduced Graphene Oxide/Nickel Cobaltite Electrode. The unique morphology of the as-synthesized rGO/NCO electrode makes it suitable for high capacity and long cycle stability energy storage. Unambiguously, the nanostructure of rGO/NCO consisting of numerous rose-petal-like arrays possesses a high surface area, thus providing a greatly reduced diffusion length, and various active sites for redox reaction to take place. In addition, the high surface area of the product ensures that most of the electroactive species are involved in the electrochemical charge storage mechanism, and thus efficiently contributes to the total capacitance.
For comparison, electrochemical performances of pure NCO and the commercial supercapacitor (KEMEX, 0.1 F) were evaluated. The representative CV curves at 10 mV s −1 in a potential window of 0−0.80 V are plotted in Figure 5a . A distinguishable typical rectangular shape with no distinctive redox peak can be observed for the KEMEX, 0.1 F supercapacitor, demonstrating the conventional EDL behavior of a carbon based supercapacitor. Meanwhile, a significant redox peak can be observed from the neat NCO and slightly noticeable on rGO/NCO electrodes, which indicates that reversible Faradaic reaction takes place in the charge storage mechanism. Interestingly, the areas under the curves of rGO/ NCO and NCO are remarkably higher than that of the KEMEX, 0.1 F supercapacitor. This further proves that the presence of redox species in the two-electrode system can effectively harvest the electroactive species through the rapid reversible Faradaic reaction and thus provides extra charge for the storage mechanism. As shown in Figure 5b , the specific capacitances calculated from the GCD curves for the assynthesized rGO/NCO electrode, the pure NCO electrode, and the KEMEX, 0.1 F supercapacitor are 282.95, 182.10, and 50.7 F g −1 , respectively. This indicates that the enhanced electrochemical behavior achieved by incorporating redox active species in the two-electrode system can provide a better charge/discharge performance compared to commercial carbon based EDLC (KEMEX, 0.1 F), yet the charge storage performance for the neat NCO electrode in the two-electrode system is inferior due to the agglomeration of the nanoneedles. On the other hand, the open spaces between the nanostructures act as a robust reservoir for electroactive species and also effectively enhance the diffusion kinetic within the electrode. More importantly, the intimate integration of NCO nanocrystals on the rGO nanosheet results in an efficient contact between the electrode/electrolyte interface, and thus a sufficient Faradaic reaction can occur even at very high current densities. The only drawback of the rGO/NCO electrode compared to the commercial KEMEX, 0.1 F supercapacitor is the long-term cycling stability (Figure 5c ). Although the specific capacitance generated from the KEMEX, 0.1 F supercapacitor is much lower compared to the rGO/NCO electrode, the high capacitance retention (99.6%) can provide a stable and continuous supply in various electronic devices which operate in low power density. On the other hand, the capacitance retention of rGO/NCO nanostructures electrode is 90.9%, and it is more superior than the neat NCO by 46%. The presence of rGO in the spinel transition-metal oxide system withstands the strain relaxation and mechanical deformation, The Journal of Physical Chemistry C Article preventing the electrode materials from self-aggregating and slumping from the substrate surface. Taking these experimental results into consideration, the as-synthesized hierarchical rGO/ NCO nanostructures are promising electrode material for a high-performance symmetrical supercapacitor which shows a comparable capacitive result with commercial carbon based EDLC. As shown in Figure 5d , the proposed electrode system can provide a significant high energy and power density (9. ). Unlike the widely reported supercapacitors in a threeelectrode system, this work reported on a supercapacitor in a two-electrode system ( Table 1 ). The incredibly high specific capacitance response from a three-electrode system is mainly credited to the unlimited access of free moving ions that are involved in a charge storage mechanism as the electrode material is exposed to an excess of electrolyte solution. However, a three-electrode cell configuration is impractical for commercial supercapacitor application because they are manufactured following a two-electrode configuration. A twoelectrode configuration minimizes the use of electrolyte solution, consequently curtailing the leakage of the supercapacitor, and thus provides an economic fabrication of supercapacitors. Moreover, the superior electrochemical performance is merited to the synergic effects of two highly capacitive electrode materials, excellent ionic transport medium, and enhanced reactive surface area of the rGO/NCO rosepetal-like nanostructures.
■ CONCLUSION
In conclusion, we have developed a facile one-pot hydrothermal method to fabricate a three-dimensional hierarchical electrode material constructed by rGO/NCO nanostructures. Clusters of stacked GO sheets are initially formed during the hydrothermal reaction, which then evolved into a rose-petal-like nanostructure through nucleation and aggregative growth of the NCO nanocrystal. The as-synthesized Ni-Co complex is converted into rGO/NCO through hydrothermal and subsequent annealing in air. The final hierarchical rGO/NCO nanostructures manifest promising electrochemical properties as a pseudocapacitive type electrode material for symmetrical supercapacitors with excellent capacitive performance and long cyclic stability. Overall, the as-synthesized rGO/NCO nanostructures show promising potential as an electrode material for high-performance supercapacitors. Furthermore, by comparing with a commercial carbon based supercapacitor, the rGO/NCO electrode shows better charge/discharge properties with higher specific capacitance. Although the capacitance retention is lower than that of the commercial supercapacitor, the rGO/ NCO electrode provides remarkably high energy and power densities. This indicates that the proposed rGO/NCO nanostructures are a promising electrode material for highperformance supercapacitors. Furthermore, the integrative approach of designing electrode materials from this research is a vital reference to synthesize similar materials. The practical two-electrode configuration employed to measure the electrochemical performance of the synthesized electrode materials manifests plausible commercial use of the as-fabricated supercapacitor.
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